INTRODUCTION
The effects of herbivores on boreal forests are potentially large and long lasting (Krefting 1974 There are several important links between foraging behavior of boreal mammals, the responses of boreal plants to browsing, and the way these plants cycle nutrients. Coley et al. (1985) hypothesize that the slow growth and low nutrient uptake by plants adapted to soils of low N availability, particularly conifers, requires continuous production of secondary defensive compounds to protect their tissues; in contrast, plants adapted to high nutrient availability, particularly early successional hardwoods, do not invest highly in secondary compounds but rather have high nutrient up-take, which allows them to grow fast, escape mammalian browsing, and compensate for removal of browsed material. In addition, both ruminant feeding rates and litter decomposition are depressed by secondary metabolites such as phenolics and terpenes as well as by structural cellulose and lignin (Bryant and Kuropat 1980, Homer et al. 1988 ). This happens because both decomposition and ruminant digestion are microbial processes. Furthermore, the palatabilities of different boreal plant species are indirectly correlated with their abilities to tolerate nutrient stress but directly correlated with their growth rates, litter production, and litter decomposition (Bryant and Chapin 1986 Pastor and Naiman (1992) propose that these community-and ecosystem-level processes result from feedbacks between chemical and morphological traits of boreal tree species, browsing preferences of moose, and the effects of litter chemistry on decomposition and nutrient availability. In particular, selective browsing by moose could reduce nutrient availability by shifting plant community composition towards evergreens with slow growth rates, high leaf-retention rates and hence low litterfall, and slowly decomposing litter with high concentrations of lignin and secondary metabolites ( These alternative hypotheses yield several predictions testable with exclosure experiments: 1) If moose depress nutrient availability indirectly through changes in community composition related to tissue chemistry (Bryant and Chapin 1986, Pastor et al. 1988 ), then nutrient return in litter and nutrient availability should be higher inside enclosures than outside, and nutrient availability should correlate directly with nutrient quantity and quality in litter and inversely with consumption rates;
2) If moose increase nutrient availability through opening of the canopy or through manuring, then nutrient availability should be greater outside enclosures than inside; a) if microclimatic changes caused by opening the canopy are the major mechanism increasing nutrient availability, then differences between exclosures and controls should be observed only in the field and not in the laboratory under controlled temperatures and moistures; b) if manuring is the major mechanism increasing nutrient availability, then nutrient availabilities should be enhanced not only in the field but under controlled conditions where addition of pellets to soil should stimulate N mineralization above that expected by decay of pellets and soil alone. Accordingly, the objective of this study was to determine the ways by which moose affect nutrient cycling and productivity. We measured soil nutrient availability and litter quantity and quality inside and outside moose enclosures on Isle Royale, Michigan, and experimentally tested the fertilizing effect of moose pellets on soil nitrogen and carbon dynamics.
STUDY SITES
Isle Royale is located in the western arm of Lake Superior (480 N, 89? W) and is -544 km2 (Fig. 1) . The forests of Isle Royale are predominantly boreal and composed of aspen, birch, spruce, and fir except for northern hardwoods on glacial till in the southwestern sector (Linn 1957 ). The history of moose and wolf populations has been reviewed by Mech (1966) and Peterson (1977) . Moose colonized the island around the turn of the century and by the 1930s they numbered some 3000 individuals. Because of severe overbrowsing, their population declined drastically and by the late 1930s numbered some 500 individuals. Several large forest fires between 1936 and 1938 regenerated sufficient browse of aspen and paper birch to allow recovery of the moose population. Wolves (Canis lupus) arrived on Isle Royale in the late 1940s, and early research appeared to show that predation, rather than food supply, limits the size of the moose population (Mech 1966) . Recent research indicates that wolves and vegetation play somewhat different roles in controlling the moose population. Predation may determine the rate of population increase but browse supply in turn affects susceptibility to predation, limits moose biomass, and introduces a time lag in the recovery of the moose population from predation (Peterson 1977 , Peterson et al. 1984 . The current moose population is 1500 individuals, or 2.8 animals/km2 (Peterson 1987) .
To study the effects of the moose population on forest dynamics, L. Krefting and coworkers built four ex- Potential C and N mineralization was measured on 10 samples, each collected from enclosures and controls in June, August, and October. Soil samples mixed 1: 1 with sand were incubated in the laboratory at 30'C with tensions drawn down to field moisture content after leaching, using the method of Stanford and Smith (1972) and the closed incubation chambers of Nadelhoffer (1990). Mineralized ammonium and nitrate were leached from the chambers after 0, 2, 4, 8, 16, 24, and 30 wk with 0.01 mol/L CaCl2 followed by addition of nutrient solution minus nitrogen; the leachate was analyzed using a Lachat autoanalyzer. The initial, time 0 leaching was discarded as it contains standing amounts of ammonium and nitrate that had been mineralized in the field. Microbial respiration was measured during intervening weeks until week 26 by flushing the chamber with CO2-free air scrubbed through a potassium hydroxide solution, closing the chamber, and sampling the chamber headspace with a syringe through a septum after 6 h. The gas sample was analyzed on a Tracor gas chromatograph with a thermal conductivity detector. The rate of CO2 evolution was estimated by multiplying its concentration by the headspace volume and divided by the amount of time each chamber was closed. Integration of these measurements over the entire 26-wk period yielded cumulative carbon mineralization. Both nitrogen and carbon mineralization were expressed on a per-gram soil or pellet as a percentage of total nitrogen or carbon in the incubated samples.
Total C and N were measured on a dried subsample of each lab-incubated sample using a LECO CHN 800 analyzer.
Moose pellets. -Pellets were collected in June and in August 1987 from a large, fresh pile deposited in spring 1987 on Raspberry Island (snowmelt, soil thaw, and ice-out are usually in May, so at first collection in June these pellets were at most only a few weeks old). Three samples of five pellets (_ 10 g) apiece were sampled in June and in August. Although it is not possible to generalize about all moose from this one sample, it does constitute a rejection of the null hypothesis (moose manuring never increases soil N availability) if nutrient availability in soil is enhanced in the presence of the pellets. Accordingly, three samples of 02 horizon soil 5 m away from the fecal pellets were also collected simultaneously. Total C and N contents were measured as above. Pellets and soil were incubated in the laboratory both separately and combined by the methods described above. Pellets were combined with soil by placing intact pellets atop soil in the chamber; the pellets were not ground and the two materials were not mixed. In each replicate, 5 g of soil and/or 2 g of pellets were used.
Litter. -Six 0.25-iM2 litter traps with 2-mm wire mesh bottoms were randomly installed in each exclosure and control. These were sampled once or twice a month from July 1987 to July 1988, except in winter. The samples were dried at 60'C and sorted by species. Overwinter mass loss by leaching was estimated with litterbags of samples in Duluth, Minnesota; values ranged from 10 through 30% depending on species (McInnes et al. 1992). The first collection in spring of 1988 was then corrected for overwinter leaching by the appropriate amount, since without this correction litter mass during late fall and early winter would have been underestimated.
Litter samples were composited by site, treatment, and species. Dried samples were ground to uniform powder to pass through an -250-tim mesh screen. Subsamples were ashed at 450'C for 4 h. Total C and N was measured using a LECO CHN 800 analyzer. Each sample was analyzed for carbon fractions by sequential extraction (McClaugherty et al. 1985) : first for nonpolar compounds (waxes, fats, and oils) by repeated filtration through Gooch crucibles with dichloromethane following sonication; next for polar compounds (sugars, starches, and tannins) by hot-water extraction with the extract analyzed for tannins by Folin-Denis reaction; finally, in concentrated sulfuric acid digest followed by autoclaving in 1 mol/L of sulfuric acid to remove cellulose and hemicellulose. The residue after these extractions was assumed to be lignin + ash. The mass of all fractions was then expressed on an ash-free basis.
Hypothesis testing
We report means and standard deviations of analyses. We report standard deviations rather than standard errors because on many of the graphs standard errors are smaller than the size of the symbols, visually implying no variance. The reader can calculate standard errors by dividing the standard deviation by the square root of the number of samples indicated.
The results were analyzed with treatments (mooseno moose) nested within stand type to statistically separate the main effect of treatment from stand type. This design cannot detect which stand properties are re- sponsible for significant differences between stands, but it does remove the effect of site differences from treatment effects. Elsewhere we have shown that the tree, shrub, and herb biomass in the browsed control plots is statistically similar to that of the surrounding area; moreover, exclosure tree biomass is significantly greater and herb biomass is significantly less than that of the surrounding area (McInnes 1989). We therefore conclude that the controls are representative of the surrounding forest and the vegetation in the enclosures departs significantly from that of the surrounding forest. Nevertheless, caution should be used when extrapolating these results to dissimilar sites.
We tested main effects of stand and treatment (moose-no moose) nested within stand on exchangeable cations and litterfall using single-degree-of-freedom nested ANOVA in SYSTAT (Wilkinson 1989) . Normally, time is also included as a main effect in many ecological studies that sample several times during a year. However, in our case, differences in N and C mineralization in any one month are not independent of the previous month because the time course of mineralization is partly a consequence of the continuous changes in organic matter quality during the season. Therefore, we tested the main effect of stand and treatment on C and N dynamics using ANOVA with repeated measures nested as above. This method has the advantage of testing for consistency of effect of treatment across the growing season, even though the effect may not be significant at particular times. The method has the disadvantage of not detecting when differences between treatments are significant. However, testing the consistency, rather than the seasonality, of an effect is our main objective.
Single exponential models of carbon and nitrogen mineralization of the form X, = XO(l -e-1k)
were fit to data from each incubation, where X, is the cumulative mineralization of carbon or nitrogen up to time t, X0 is the pool of potentially mineralizable carbon or nitrogen in the sample, and k is the instantaneous release rate of that pool. These models were also used to test the manuring effect of fecal pellets on nutrient availability in soil. If fecal pellets do not stimulate soil nutrient dynamics, then the combined mineralization of carbon or nitrogen from both should be equal to that predicted by the sum of their exponential decay models (Eq. 1). Predictions of the additive model were compared to data from the combined pellet-soil incubations to determine if pellets stimulate C and N mineralization from soil.
RESULTS

Exchangeable cations
Excluding moose significantly increased concentrations of exchangeable soil Na, K, and Mg, and cation exchange capacity at Windigo, the most heavily browsed site (P < .03, .00, .02, and .02, respectively), and only slightly increased the concentration of Ca at Windigo (P < .08). At Daisy Farm only the concentrations of Na and Mg were increased. Moose browsing did not affect the concentrations of other nutrients at any other site (Table 1 ). The concentrations of each exchangeable cation as well as cation exchange capacity also differed significantly among stands (P < .001 for each).
Total carbon and nitrogen
Excluding moose increased the concentrations of total nitrogen by 14% and carbon by 20/2% above control levels across all stands, but the differences were significant only in October at Windigo (P < .02 for each). Carbon and nitrogen varied significantly between stands only in June (P < .001, Table 2 ). Essentially, whatever differences there are between stands or treatments in carbon and nitrogen pools are temporary.
Carbon and nitrogen mineralization
Field. -Excluding moose significantly increased field nitrogen mineralization at Windigo and Siskiwit Camp (P < .001), the most heavily browsed sites, but not at Daisy Farm, the least heavily browsed site (Fig. 2) . Annual nitrogen mineralization was twice as high in the Windigo enclosure compared with its paired control, nearly twice as high at Siskiwit Camp, but not significantly greater at Daisy Farm (Fig. 2) . Stand history and type also affected N mineralization nearly as much as excluding moose (P < .001).
These differences are not attributable to different total pool sizes of nitrogen because these were not consistently different nor did they vary by two-fold across treatments and stands. Soil moisture content inside the enclosure was not significantly different from that outside. Furthermore, the differences are not attributable to either warming or manuring, since these factors would increase mineralization outside the exclosures rather than depress it relative to controls. Therefore, the differences are attributable solely to changes in substrate quality upon excluding moose (hypothesis 1), which we further tested by data on potential mineralization under optimal laboratory conditions. Laboratory potentials. -The cumulative amount of nitrogen and carbon mineralized per unit of soil mass after 30 or 26 wk, respectively, under optimal conditions was slightly but consistently greater in exclosure soils than in control soils, across all stands and across all months (Figs. 3 and 4) . As in the field, differences between exclosure and control were greatest and significant at Windigo (P < .05 for June and August carbon mineralization and June and October nitrogen mineralization and P < .10 for the other months). Differences were less but not significant at Siskiwit Bay, and least and not significant at Daisy Farm. Variations in potential N and C mineralization per unit of soil mass are attributable solely to the presence or absence of moose browsing and its intensity; they were never significantly different between stands.
The pools of potentially mineralizable nitrogen and carbon (No and C0) and their release rates (kN and kc) were slightly but consistently greater in exclosure soils than in controls (Table 3) . Since non-linear fitting of a model (Eq. 1) to the data is an approximation rather than exact solution, it is not possible to estimate statistical differences between treatments or stand types for these parameters with an associated probability level. However, the consistency of the pattern is in accord with the statistical tests of cumulative amounts of N and C mineralized in the laboratory and differences in N mineralization in the field. Excluding moose con- sistently increased pools of potentially mineralizable N and C, and differences between enclosures and controls were greater than differences between stands for respective treatments. As in field mineralization, excluding moose had the greatest effect at Windigo, a moderate effect at Siskiwit Camp, and the least effect at Daisy Farm.
Convergence to the single exponential decay model implies that there is one pool each of potential mineralizable N and C during the 30-wk incubation. We tested convergence to a double exponential decay model, which implies two pools each with different turnover rates (Deans et al. 1986 ). However, we found no improvement over the single exponential decay model (in fact, the double exponential decay model collapsed to a single exponential model during the fitting procedure). Occasionally, such as N mineralization from the Daisy Farm samples in June and October, the single exponential decay model could not be fit to the data.
Moose pellets. -The chemical properties of moose pellets differed significantly from those of humus (Table 4). Pellet carbon content was greater than that of humus in both June and August. Pellet C-to-N ratio was greater than that of humus during June, while nitrogen content was greater during August. Pellet nitrogen content was less than those reported for cattle (Schimel et al. 1986 ) and snow geese (Reuss et al. 1989) . However, differences in mineralization dynamics were even greater and more consistent. The soil mineralized an order of magnitude more nitrogen than did pellets, while pellets mineralized four times as much carbon as did soil (Figs. 5 and 6 ). The sizes of the potentially mineralizable carbon and nitrogen pools dominated these dynamics. Potentially mineralizable nitrogen in soil was an order of magnitude greater than that in pellets in June, and four times greater in August (Table 4 ). In contrast, potentially mineralizable carbon in pellets was twice that in soil during both months. The instantaneous release rate of carbon from pellets was greater than that from soil, particularly in June. The instantaneous release rate of nitrogen from pellets was greater than that from soil in June but less than that from soil in August. The additive model described nitrogen mineralization from the combined soil and pellets in June, implying that pellets and soil mineralized N independently (Fig. 6) . Carbon mineralization from combined soil and pellets was slightly underpredicted by the additive model in June. However, in August, there was significantly more nitrogen and carbon mineralized from the combined soil and pellets than predicted by the additive model (Fig. 6) , indicating that soil and pellets have a co-fertilizing effect on each other late in the season.
Litterfall and chemistry
Excluding moose significantly increased total litterfall and nutrient return (Table 5) Fecal pellet deposition may compensate somewhat for this depression of N availability. During late summer, combining fecal pellets with soil stimulates N mineralization above levels found for either fecal pellets or soil alone, and urine deposition presumably has the same effect (Schimel et al. 1986 ). However, this enhancement was small compared with browsing-induced depression of nitrogen in litterfall and nitrogen mineralization in the control plots. Because N mineralization was lower in control (browsed) plots both in the field and in laboratory conditions, manuring appears not to compensate over the long term for the an expanding moose population or immigration into the area of browse production: both have the same net result. As moose consumption increases, tree production declines (Fig. 8a) (Fig. 8c) ; this in turn depresses total net primary productivity (Fig. 8d) . Consumption in turn increases (Fig. 8e) because, while there is an overall decline in productivity, the productivity of the shrub layer and hence browse supply increases because of the opening of the canopy Maass 1987, McInnes et al. 1992) . Tree production in turn decreases as the increased consumption prevents the entry of still more seedlings and saplings into the tree layer except for spruce. This positive and degenerative feedback can continue until all of net primary production is concentrated in unbrowsed spruce and moose consumption exceeds browse production. At this point, the moose population collapses because of food limitations.
Spruce has several properties that depress rates of nitrogen cycling. First, the growth rates and nitrogen uptake rates of spruce are inherently slower than those of associated hardwoods ( rates and a slower replenishment of the soil nitrogen pools. Third, spruce litter is of lower quality than hardwood litter, and whatever nitrogen is returned in litter is released at slower rates than from deciduous leaf litter (Flanagan and Van Cleve 1983 , Melillo et al. 1984 , Moore 1984 . Both the quantity of nitrogen in litterfall and its carbon quality were equally valid descriptors of the depression of N availability. Where both were depressed at Windigo, differences in nitrogen mineralization were greatest. Where only the quantity of litter N was depressed by moose browsing at Siskiwit Camp, differences in N mineralization were less, but still significant. At Daisy Farm, moose browsing depressed neither litter nitrogen nor litter quality, and differences between exclosure and control nitrogen mineralization rates were negligible.
If nitrogen mineralization is sufficiently depressed through these feedbacks, the subsequent recovery of the ecosystem may be severely limited. Selective browsing thus introduces hysteretic behavior into the system to the extent that it alters processes that have slower time dynamics, such as tree recruitment and soil organic matter turnover. This net depression of N availability through the indirect effects of moose browsing on vegetation and litterfall corroborates a more detailed simulation model that considers the population dynamics of browsed and unbrowsed species ). This degenerative positive feedback can be altered by factors inhibiting spruce dominance, such as fire, disease, or insect herbivory. These may reset the system to earlier successional stages dominated by aspen and other hardwoods. Alternatively, browsing by moose themselves on balsam fir could slow this feedback, but not if balsam fir densities are high (Brandner et al. 1990 ).
In summary, by changing the plant communities and the arrays of litters decomposed from them, moose browsing indirectly controls the nitrogen cycle and the long-term productivity of Isle Royale's boreal forests. Failure to consider the indirect effects of herbivores on decomposers through changes in litterfall may cause incomplete models of food webs to be seriously in error.
